21
expression from the GEUVADIS cohort profiled at gene-, isoform-, exon-, junction-, and intron-level 22 resolution. After testing for a shared causal variant, we found exon-, and junction-level analyses 23 produced the greatest frequency of candidate-causal cis-eQTLs; many of which were concealed at 24 whole-gene resolution. In fact, only 9% of autoimmune loci shared a disease-relevant eQTL effect at 25 gene-level. Expression profiling at all resolutions however was necessary to capture the full array of 26 eQTL associations, and by doing so, we found 45% of loci were candidate-causal cis-eQTLs. Our 27 findings are provided as a web resource for the functional annotation of autoimmune disease 28 association studies (www.insidegen.com). As an example, we dissect the genetic associations of
29
Ankylosing Spondylitis as only a handful of loci have documented causative relationships with gene 30 expression. We classified fourteen of the thirty-one associated SNPs as candidate-causal cis-eQTLs.
31
Many of the newly implicated genes had direct relevance to inflammation through regulation of TNF 32 signalling (for example NFATC2IP, PDE4A, and RUSC1), and were supported by integration of
Introduction

55
The autoimmune diseases are a family of heritable, often debilitating, complex disorders whereby 56 immune system dysfunction leads to loss of tolerance to self-antigens and chronic inflammation [1] .
57
Genome-wide association studies (GWAS) have now detected hundreds of susceptibility loci 58 contributing to risk of autoimmunity [2] (Fig 2A) .
114
We found that cis-eQTL association analysis using exon-, junction-, and intron-level quantification 115 yielded the greatest frequency of significant (q < 0.05) cis-eQTLs and eGenes ( Fig 2B) Table. 167 168
Functional dissection of Ankylosing Spondylitis genetic associations using RNA-Seq 169
We decided to apply the results of our integrative cis-eQTL analysis to functionally dissect the 
223
The remaining AS associated variant rs1128905 is a candidate-causal cis-eQTL for both CARD9 and 224 SNAPC4 (Fig 4A) . The candidate-gene at this AS locus is thought be to CARD9 [36] . Our results also ) of the canoncical transcript of SNAPC4 (Fig 4B) . 
249
Detection of autoimmune associated trans-eQTLs using RNA-Seq 250
We extended our RNA-Seq based eQTL investigation to include expression targets > 5Mb away from 251 each of the 846 lead autoimmune GWAS variants (S3 Table) . Though we were relatively 252 underpowered for a trans-eQTL analysis, we were able to detect 26 trans-eQTLs at isoform-level, 253 eight at exon-level, six at gene-level, three at junction-level (Fig 5A) . Many of the trans-eQTLs 254 detcted were only associated with one eGene, and no trans-eQTLs were detected at intron-level. With 255 exon-level quantification however, we were able to identify an interesting effect of trans-eQTL 256 rs7726414 -associated with Systemic Lupus Erythematosus (SLE) [7] . We found rs7726414, was a 257 trans-eQTL for eight eGenes (Fig 5B) 288 junction-, and intron-level, and tested for a shared genetic effect at each significant association. We 289 found exon-and junction-level quantification led to the greatest frequency of candidate-causal cis-290 eQTL and eGenes, and thoroughly outperformed gene-level analysis (Fig 2C) . We argue however that 291 it is necessary to profile expression at all possible resolutions to diminish the likelihood of 292 overlooking potentially causal cis-eQTLs (Fig 3D) . In fact, by combining our results across all 293 resolutions, we found 45% of autoimmune loci were candidate-causal cis-eQTLs for at least one 294 14 eGene. Our findings can be used as a resource to lookup causal eQTLs and candidate genes of 295 autoimmune disease (www.insidegen.com).
297
Gene-level expression estimates can generally be obtained in two ways -union-exon based 298 approaches [14, 17] and transcript-based approaches [11, 12] . In the former, all overlapping exons of 299 the same gene are merged into union exons, and intersecting exon and junction reads (including split-300 reads) are counted to these pseudo-gene boundaries. Using this counting-based approach, it is also 301 possible to quantify meta-exons and junctions easily and with high confidence by preparing the 302 reference annotation appropriately [13, 15, 54] . Introns can be quantified in a similar manner by 303 inverting the reference annotation between exons and introns [18] . Conversely, transcript-based 304 approaches make use of statistical models and expectation maximization algorithms to distribute reads 305 among gene isoforms -resulting in isoform expression estimates [11, 12] . These estimates can then be 306 summed to obtain the entire expression estimate of the gene. Greater biological insight is gained from 307 isoform-level analysis; however, disambiguation of specific transcripts is not trivial due to substantial 308 sequence commonality of exons and junctions. In fact, we found only 15% of autoimmune loci shared 309 a causal variant at transcript-level (Fig 3A) . The different approaches used to estimate expression can 310 also lead to significant differences in the reported counts. Union-based approaches, whilst 311 computationally less expensive, can underestimate expression levels relative to transcript-based, and 312 this difference becomes more pronounced when the number of isoforms of a gene increases, and when 313 expression is primarily derived from shorter isoforms [20] . The GEUVADIS study implemented a 314 transcript-based approach to obtain whole-gene expression estimates. A gold standard of eQTL 315 mapping using RNA-Seq is essential therefore for comparative analysis across datasets. 
329
We found intron-level quantification also generated more candidate-causal cis-eQTLs than gene-330 level. As the library was synthesised from poly-A selection, these associations are unlikely due to 331 differences in pre-mRNA abundance. Rather, they are likely derived from either true retained introns 332 in the mature RNA or from coding exons that are not documented in the reference annotation used.
333
We observed multiple instances where a candidate-causal cis-eQTL at intron-level was detected, yet a 334 previous investigation had detected an exonic effect using a different reference annotation. For 335 example, an intronic-effect was detected for SLE candidate eGenes IKZF2 and WDFY4 in this 336 analysis (which used the GENCODE v12 basic reference annotation). Using the comprehensive 337 reference annotation of GENCODE v12, we found these effects were in fact driven by transcribed 338 exons located within the intronic region of the basic annotation -and were validated in vitro by qPCR 339 [10] . The choice of reference annotation therefore has a profound effect on expression estimates [55]; 340 and so again, a gold standard is necessary prevent misinterpretation and increase consistency of eQTL 341 associations.
343
Lastly, we show how our findings can be leveraged to comprehensively dissect GWAS results of 344 autoimmune diseases. We found 14 of the 31 SNPs associated with Ankylosing Spondylitis (AS) 345 were candidate-causal cis-eQTLs for at least on eGene (Fig 4) . The majority of these eQTLs 346 influenced the expression of multiple eGenes which had direct relevance to biological pathways 347 associated with autoimmunity. In fact, the majority of the candidate genes detected (for example (Fig 4C) . We also highlight the benefit of exon-level analysis to also 353 detect disease associated trans-eQTLs (Fig 5) analysis, we took the lead SNPs for each disease -defined as a genome-wide significant SNP with the 371 lowest reported P-value (S1 Table) . X-chromosome associations and SNPs with minor allele ArrayExpress (E-GEUV-1). The 41 individuals genotyped on the Omni 2.5M SNP array were 397 previously imputed to the Phase 1 v3 release as described [18] . PCA of genotype data was performed 398 using the Bioconductor package SNPRelate (S2 Fig) [ 
595
The 846 autoimmune disease associated SNPs per disease are documented in S1 Table and were LD   596 pruned to 584 independent loci (see Methods). Genotypes of 1000Genomes individuals were quality 597 controlled and subset to regions of recombination hotspots. If the lead GWAS SNP was found 598 between a recombination hotspot, then all SNPs were between the recombination hotspot intervals
